An atypical pestivirus ('Hobi'-like pestivirus, putative bovine viral diarrhoea 3, BVDV-3) was identified firstly in contaminated foetal calf serum batches and isolated subsequently from an outbreak of respiratory disease in a cattle herd in Italy. The isolation of the novel pestivirus from animals affected clinically posed concerns about the validity of BVDV eradication programs, considering that 'Hobi'-like pestivirus (BVDV-3) is undetected or mistyped by the molecular diagnostic tools currently employed. In this paper, the development of a nested PCR (nPCR) assay for unambiguous typing of all bovine pestiviruses is reported. The assay consisted of a first-round amplification using an oligonucleotide pair which binds to conserved sequences located in the 5 0 untranslated region and capsid gene, followed by a heminested PCR using virus-specific forward primers. The assay performances were evaluated analytically, showing good sensitivity and specificity. By analysis of 100 BVDV-positive samples typed using a nPCR assay discriminating ruminant pestiviruses, five samples recognised previously as BVDV-2 were not typed when submitted to the new assay (n ¼ 2) or reacted as 'Hobi'-like pestivirus BVDV-3 (n ¼ 3). Sequence analysis of the first-round amplification products showed that the untyped strains were border disease viruses, whereas the other three strains were true 'Hobi'-like viruses. The development of a molecular assay able to identify simultaneously all bovine pestiviruses known currently will help warrant biosafety of live vaccines and other biological products and assess the molecular epidemiology of 'Hobi'-like pestivirus, thus leading to the improvement of the eradication programs through unambiguous typing of pestiviruses infecting cattle.
Introduction
Bovine viral diarrhoea virus (BVDV) belongs to the genus Pestivirus of the family Flaviviridae, together with classical swine fever virus (CSFV), border disease virus (BDV) and other pestiviruses isolated from wild ruminants [1e3] . BVDV is an enveloped, singlestrand positive-sense RNA virus responsible for polymorphic clinical signs [4] , which includes two separate species, termed BVDV-1 and BVDV-2 [5, 6] , and several subtypes within each species [7e15]. The BVDV genomic RNA encodes for a polyprotein (NH 2 -N pro -C-E rns -E1-E2-p7-NS2-3-NS4A-NS4B-NS5A-NS5B-COOH), which is processed by viral and cellular proteases, thus generating structural and non-structural proteins. The single large open reading frame is flanked by the 5 0 and 3 0 untranslated regions (UTRs) [4] .
An atypical pestivirus was isolated from a contaminated batch of foetal calf serum (FCS) originating from Brazil [16] . This virus, named D32/00_'Hobi', was proposed as prototype of a new pestivirus species, BVDV-3 [17] . 'Hobi'-like pestiviruses were detected in different parts of the world in FCS batches of southern American origin [18e20] or in animals with natural infection but without overt disease [18, 21] . 'Hobi'-like sequences were detected in aborted bovine foetuses in Brazil, thus suggesting direct clinical implications [22] . More recently, a 'Hobi'-like strain was associated to severe respiratory disease and abortion in a cattle herd in Italy [23, 24] , which posed some issues about the real efficacy of BVDV control or eradication programs. In fact, the existing methods employed commonly in BVDV surveillance programs either do not detect at all [16, 20, 21] or have a low sensitivity in detecting the new pestivirus, which is in addition mistyped as BVDV-2 [25] . A realtime RT-PCR assay has been established for identification of 'Hobi'-like strains [26] , but this method is not able to detect simultaneously BVDV-1/BVDV-2 which should be required for extensive use in eradication programs.
With the aim to overcome the limitations of existing diagnostic methods, a nested PCR (nPCR) assay was developed which is able to detect and type all bovine pestiviruses, including the new species (putative BVDV-3).
Material and methods

Primer design
The full-length genomes of BVDV-1, BVDV-2, 'Hobi'-like pestivirus (BVDV-3), BDV and CSFV strains were retrieved from the GenBank database (http://www.ncbi.nlm.nih.gov/Genbank/index. html) and aligned using the BioEdit software package [27] . Firstround amplification (RT-PCR) primers, amplifying a region encompassing the 5 0 UTR, N pro and C genes, were designed using the Primer3 software, version 0.4.0 (http://frodo.wi.mit.edu/ primer3/) in order to bind to bovine pestivirus conserved regions. Typing nPCR was carried out using the first-amplification reverse primer and a panel of three species-specific forward primers that were designed manually on bovine pestivirus discriminating regions through visual inspection of the aligned sequences.
Primers were synthesised by Primm srl (Milan, Italy). The position and sequence of the primers used for the assay are reported in Table 1 .
RT-PCR
RT-PCR was carried out using SuperScriptÔ One-Step RT-PCR for Long Templates (Life Technologies, Invitrogen, Milan, Italy) and the following thermal protocol: reverse transcription at 50 C for 30 min, inactivation of Superscript II RT at 94 C for 2 min, 45 cycles of 94 C for 30 s, 50 C for 30 s, 68 C for 1 min, with a final extension at 68 C for 10 min. The PCR products were detected by electrophoresis through a 1.5% agarose gel and visualisation under UV light after bromide ethidium staining.
Nested PCR
Nested PCR was performed using AmpliTaq Gold (Applera Italia, Monza, Italy) The reaction was carried out in a total volume of 50 ml containing PCR buffer 1Â (KCl 50 mM, TriseHCl 10 mM, pH 8,3), MgCl 2 2 mM, 200 mM of each deoxynucleotide (dATP, dCTP, dGTP, dTTP), 1 mmol l À1 of the RT-PCR reverse primer and of each internal species-specific primer, 1 U of AmpliTaq Gold and 5 ml of a 1:100 dilution in distilled water of the primary PCR product. The thermal conditions consisted of activation of AmpliTaq Gold polymerase at 94 C for 10 min and 25 cycles of denaturation at 94 C for 30 s, annealing at 50 C for 30 s and polymerisation at 72 C for 1 min, followed by a final extension at 72 C for 10 min. The PCR products were detected as for the first-round amplification.
Test specificity and sensitivity
To rule out cross-reactivities between bovine pestiviruses and other viral pathogens, the specificity of the assay was evaluated by testing isolates of the following viruses: bovine coronavirus [28] , bovine rotaviruses [29] , bovine respiratory syncytial virus (vaccine strain BRSV/375, Cattle Master 4, Pfizer Italia srl), bovine parainfluenza virus (vaccine strain TS RLB 103, Cattle Master 4, Pfizer Italia srl), and bovine herpesvirus types 1 [30] and 4 [31] . A BDV isolate, strain BD91 [32] , and the CSFV lapinised Chinese vaccine [33] were also submitted to the test.
Faecal, nasal and EDTA-blood samples collected from ten pestivirus-negative calves as well as sterile water were also included in the analysis as negative controls and blanks, respectively.
To evaluate the detection limit of the nPCR assay, tenfold dilutions in Dulbecco's minimal essential medium of reference strains BVDV-1 NADL (courtesy of Dr Ferrari, Istituto Zooprofilattico Sperimentale di Lombardia ed Emilia Romagna, Brescia, Italy), BVDV-2 232/02 [34] and 'Hobi'-like strain 1/10-1-Italy [23] , having titres of 10 4.50 , 10 4.50 and 10 3.50 TCID 50 /50 ml, respectively, as determined by an immunofluorescence test on infected Madin Darby bovine kidney (MDBK) cell cultures, were used. Each virus dilution was quantified three times separately.
Clinical samples
A total of 98 clinical bovine samples tested positive by an nPCR assay established previously for typing of ruminant pestiviruses [35] was submitted to the novel assay. These samples included nine tissue samples from aborted foetuses, 17 respiratory specimens from calves with respiratory disease, six fecal samples from calves with enteritis and 66 EDTA-blood samples from animals infected persistently. In addition, two caprine tissue samples previously typed as BVDV-2 were analysed.
Internal control
In order to verify the absence of RNA losses during the extraction step and the presence of RT-PCR inhibitors in the RNA templates, an internal control (IC), consisting of an RNA synthetic transcript containing the M gene of canine coronavirus (CCoV) type II [36] , was added to the lysis buffer (AVL buffer, QIAGEN S.p.A.) at a concentration of 10,000 RNA copies ml À1 of buffer prior to nucleic acid extraction. RNA extracts were submitted in parallel to a CCoV RT-PCR assay [37] and samples from which the amplicons of the expected size were not obtained were excluded from the analysis. 
Results
Performance of the nPCR assay for bovine pestivirus typing
The first-amplification (RT-PCR) yielded products of the expected size from all reference pestivirus strains, including BDV and CSFV. By the developed nPCR assay, BVDV-1, BVDV-2 and 'Hobi'-like reference strains were typed as predicted on the basis of speciesspecific oligonucleotides and viral sequences, giving amplicons of 501, 829, and 210 bp, respectively. No cross-reactions were observed between different bovine pestiviruses (Fig. 1 ). BDV and CSFV did not react with any of the bovine pestivirus-specific primers. By using the old protocol for typing of ruminant pestiviruses [35] , which targets the E rns gene, BVDV-1 and BVDV-2 were correctly typed, whereas 'Hobi'-like pestivirus and BDV reference strains were both mistyped as BVDV-2, a finding that had been already observed [25, 38] . As expected from a previous study [35] , CSFV was detected by the first-round amplification, but not typed by the E rns nPCR.
The template controls, pestivirus-negative specimens and the other tested viral pathogens of cattle did not yield any detectable PCR product by firstand second-round amplifications of the novel assay, thus confirming that both RT-PCR and nPCR assays are highly specific for pestiviruses.
The detection limits of the old and novel protocols for bovine pestivirus identification and typing were calculated ( Table 2) , showing that the assay established newly is more sensitive for BVDV-2 and 'Hobi'-like pestivirus detection, whereas BVDV-1 is more sensitively detected by the E rns nPCR.
Analysis of clinical samples
All clinical samples tested positive by the Sullivan and Akkina's protocol were confirmed to contain pestiviral RNA by using the novel assay (Table 3) . Totally, 95 samples were in agreement by both nPCR assays, but five samples previously typed as BVDV-2 gave contrasting results. Using the developed assay, three of these samples reacted with the 'Hobi'-like pestivirus primer, as shown by the 210-bp product observed after gel electrophoresis. The remaining two samples, albeit positive by the panpestivirus RT-PCR assay, were not typed by nPCR. Sequence analysis of the firstround amplification products from the three samples confirmed the pestivirus specificity predicted by the novel assay for the 'Hobi'like pestivirus positive samples, whereas the two untyped caprine strains were recognised as true BDVs (Table 3 ).
Internal control detection
The IC was detected in all the examined samples, thus ruling out relevant RNA losses during nucleic acid extraction or DNA polymerase inhibition during amplifications.
Discussion
To date, at least twelve 'Hobi'-like strains have been obtained worldwide, most of which were of Brazilian origin, having been detected in contaminated bovine serum batches [16,18e20] , in a buffalo [18] or in bovine aborted foetuses [22] . Only three viruses were recovered outside South America, one from a bovine serum in Thailand [21] and the other two from an Italian cattle herd [23, 24] . At the moment, the Italian viruses are the unique 'Hobi'-like strains that were associated to overt disease in cattle.
The detection of the novel virus in different parts of the world posed some concerns about the ability of commonly used molecular assays to detect 'Hobi'-like strains [16, 19, 20, 25] . The panpestivirus RT-PCR developed by Vilcek et al. [39] , which is commonly used for BVDV molecular screening, does not detect 'Hobi'-like sequences due to the presence of a mismatch at the 3 0 end of primer 324 that prevents the correct primer annealing. Other conventional and real-time RT-PCR protocols are able to detect 'Hobi'-like pestivirus but do not provide any virus typing, which is helpful to assess virus epidemiology [40e43]. A TaqMan assay that was claimed to be specific for the new pestivirus (putative BVDV-3) was recently developed [26] , but this assay could not type simultaneously BVDV-1 and BVDV-2 and showed a limited cross-reaction with high-titre BVDV-2 samples (N. Decaro, personal observation). If current diagnostic tests based on nucleic acid detection may miss 'Hobi'-like strains, there may be antigendetection kits that do detect the virus. These assays may have a certain value for pestivirus surveillance in cattle herds, but are likely to be less useful for eradication programs that require virus typing to determine the source of infection and evaluate lack of protection by using available vaccines.
In the present study, an nPCR assay able to detect and type simultaneously all bovine pestivirus species was developed and compared to a PCR protocol established previously for ruminant Ref. [35] RT-PCR 10 2.50 10 1.50 10 0.50 nPCR 10 À2.50 10 À0.50 10 0.50 This study RT-PCR 10 1.50 10 0.50 10 1.50 nPCR 10 À0.50 10 À1.50 10 À2.50 a 'Hobi'-like pestivirus is mistyped as BVDV-2 by the old protocol [35] . pestivirus typing targeting the E rns gene [35] . Although alternative PCR protocols have been established for BVDV-1/BVDV-2 typing [44, 45] , the Sullivan and Akkina's protocol was chosen for comparison with the novel assay, as it is employed routinely in our lab and all clinical samples processed in this study had been already analysed by that assay. Processing of field samples resulted in the identification of three additional 'Hobi'-like strains in southern Italy, which had been mistyped as BVDV-2 by using the E rns protocol. Two of these strains were associated to abortion in the same cattle herd [24] , whereas the third strain was recovered from an outbreak of respiratory disease (N. Decaro, unpublished) . Although the novel assay was set up using only one 'Hobi'-like reference strain (Italy-1/10-1), detection of these three additional strains in field samples accounts for its ability to correctly identify and type the new bovine pestivirus. Indeed, sequence analysis of the most divergent 'Hobi'-like strain currently known, Th/ 04_KhonKaen [46] , showed no point mutations in the specificoligonucleotide binding regions, thus supporting the hypothesis that diverse 'Hobi'-like strains are likely detected by the established nPCR assay. Nevertheless, ongoing testing would be needed to fully validate the test particularly with the limited 'Hobi'-like strains tested.
Considering that most 'Hobi'-like strains were detected in contaminated bovine serum batches, the established assay will warrant simultaneous screening of live vaccines and other biological products for the presence of all bovine pestiviruses.
Although nPCR protocols are inherently difficult to utilise in large scale testing without contamination of the facility, the established assay may overcome the limitation of existing methods. Presently, at least two separate real-time PCR assays should be run for typing all bovine pestiviruses and real-time PCR technology is not handled in all laboratories. In addition, lacking specific serological assays that are complicated by the cross-reactivity existing among different pestiviral species [16, 21] , this molecular assay represents the unique tool currently available for unambiguous virus detection and typing during pestivirus surveillance activities in cattle.
Continuous epidemiological surveillance by using specific molecular methods will help assess to which extent 'Hobi'-like pestivirus is widespread in cattle population worldwide and impacts on animal productions, thus requiring specific prophylactic measures.
